Rice and millet are two staple food crops that have been cultivated in the Yellow and Yangtze River basins of China since the early Neolithic period[@b1][@b2]. There is some uncertainty regarding the origin and spread of these important crops across East Asia, particularly China, due to the lack of adequate evidence from crop remains in archaeological sites[@b3][@b4][@b5]. In these archaeological sites, with climates ranging from moist and warm to semi-arid, typically only charred plant remains survive for several millennia[@b6][@b7]. As an alternative to these scarce, charred plant remains, phytoliths (biogenetic opals formed in plants when roots absorb soluble silica) represent a potentially useful geochronometer[@b8][@b9]. When plants die and decay, phytoliths are released into the soil and sediment[@b10][@b11]. Phytoliths are extremely durable and can be preserved in large amounts in most archaeological sites, and in some situations, they can form well-defined strata[@b12][@b13].

Organic carbon (PhytOC) is occluded during the formation of a phytolith and sometimes represents up to 2% of the dry weight of a plant[@b14][@b15][@b16][@b17]. The PhytOC contents of millet and rice have been estimated to be 1.36 mg g^−1^ and 2.8 mg g^−1^, respectively[@b18][@b19]. The small sample size required by accelerator mass spectrometry (AMS) allows for the analysis of \< 500 μg of carbon; therefore, only a handful of soil can provide a sufficient amount of phytoliths for radiocarbon analysis.

Over the past decades, there have been a few attempts to measure the ^14^C age of fossil phytoliths[@b8][@b10][@b13][@b20][@b21][@b22]. However, most ^14^C ages of phytoliths are not consistent with independent chronologies. These discrepancies have been attributed to preferential oxidation[@b8], stratigraphic disturbances[@b20], or sample extraction methods[@b23][@b24][@b25]. Moreover, some new ^14^C analyses of PhytOC from phytolith concentrates extracted from living grass or bamboo reported ages of up to several thousand years older[@b26][@b27]. A clear explanation for these surprisingly older dates is still lacking due to the limited dataset and exploration of extraction protocols[@b27][@b28].

One hypothesis suggests that there may be two possible components of photosynthetic and recalcitrant organic matter in phytoliths[@b27]. The exact influence of these two components of PhytOC on ^14^C dating needs to be examined in detail because previous attempts to date ^14^C PhytOC have focused on the total organic matter within the phytolith, and these attempts have clearly failed. In some cases, the combustion temperature can be used to separate heterogeneous mixtures of labile and refractory carbonaceous components, each of which may have a different apparent radiocarbon age[@b29][@b30][@b31]. Recently, a more robust phytolith extraction protocol suitable for carbon isotopic analysis was reported[@b32], and we use this protocol to further investigate the potential source of PhytOC. In this study, phytoliths were isolated from two different species of modern crops (rice and millet) using a modified version of the recently published protocol[@b32] and were then combusted with CuO powder at different temperatures ranging from 160°C to greater than 1400°C. We analyse the ^14^C and δ[@b13]C ratios produced by the range of combustion temperatures and compare them with the current atmospheric ratio to investigate the influence of combustion temperature on ^14^C age. We explore these results in an attempt to delineate between the two hypothesised components of occluded organic carbon (PhytOC).

Results
=======

Morphology of phytoliths
------------------------

The extracted rice straw and millet phytoliths were examined using a scanning electron microscope (SEM) to ensure a lack of visible cellulose adhering to the outside of the phytoliths and to ensure the presence of intact samples with diameters of at least 20 μm ([Supplementary Figure S1](#s1){ref-type="supplementary-material"}). When the phytoliths were combusted with CuO to form CO~2~ gas, a manometer was used to monitor the production of CO~2~ as the temperature increased from 160°C to 900°C. The combustion profiles of the phytolith samples show that the majority of CO~2~ is generated in two distinct temperature ranges: 500--600°C and 800--900°C ([Supplementary Figure S2](#s1){ref-type="supplementary-material"}). This release pattern can be interpreted in terms of carbon being derived from a mixture of at least two components. As shown in [Supplementary Figure S1](#s1){ref-type="supplementary-material"}, when the temperature reaches 900°C, most phytoliths lose their distinct morphological characteristics, and when the samples are heated to 1100°C, the phytoliths disappear.

^14^C concentrations in the modern atmosphere
---------------------------------------------

The AMS ^14^C concentrations for modern crops and their phytolith samples, along with the δ^13^C values and carbon yield rates, are listed in [Supplementary Table S1](#s1){ref-type="supplementary-material"}. The ^14^C concentration in the atmosphere can be estimated from the three living crops. The modern fraction (*F~m~*, the deviation of the ^14^C/^12^C ratio of a sample from the ^14^C/^12^C ratio of "modern carbon") values from the direct AMS dating of the plant material for AD 2011 rice straw, AD 2012 rice straw and AD 2012 millet are 1.0312 ± 0.0028, 1.0288 ± 0.0027, and 1.0223 ± 0.0027, respectively. These values are consistent with the atmospheric radiocarbon derived from the bomb radiocarbon curve in the Northern Hemisphere atmosphere[@b33][@b34][@b35], suggesting that the ^14^C in the plant is in equilibrium with the ^14^C in the atmosphere.

^14^C concentrations in phytoliths with increasing combustion temperature
-------------------------------------------------------------------------

The ^14^C concentration in an individual phytolith sample was normalised to that in the host crop to more readily identify the deviation between the measured ^14^C concentration in phytoliths and that measured for the atmosphere. We observe that the AMS ^14^C concentrations in all 16 phytoliths are lower than those in the atmosphere ([Figure 1](#f1){ref-type="fig"}).

We can confirm a ^14^C depletion of several percent in PhytOC at combustion temperatures below 1100°C ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). For ^14^C of phytoliths in AD 2011 rice straw, a chi-square test was applied to compare the *F~m~* values of phytoliths combusted at temperatures below 1100°C. The chi-square value of this dataset is 7.04, which is less than 11.07, the critical value for 95% confidence and 5 degrees of freedom, implying that the values are indistinguishable. The weighted mean for the 6 *F~m~* values of phytoliths in AD 2011 rice straw is 0.9393±0.0013. This ^14^C level is 6% lower than the atmospheric concentration and corresponds to an apparent radiocarbon age of 480 yrs. Similarly, the *F~m~* values of PhytOC from AD 2012 rice straw (C~3~ plant) and AD 2012 millet (C~4~ plant) also passed the chi-square test. We obtain weighted means of 0.9684±0.0019 and 0.9577±0.0013, respectively. These results indicate that the deficiency in the ^14^C content of the two samples is 3% to 4% lower when combusted at temperatures below 1100°C, equivalent to ages of 250 yrs and 320 yrs older than the true ages of the plants, respectively.

In a further experiment, 0.5 g and 0.3 g of phytolith samples were sent to Beta Analytic Inc. to investigate PhytOC during higher-temperature combustions. The phytolith samples were combusted at temperatures greater than 1400°C via the exothermic reaction between tin and oxygen[@b21]. The two PhytOC samples combusted at temperatures above 1400°C produced *F~m~* values of 11% and 13% lower than those of the atmosphere, respectively, resulting in age estimates that were \~1000 yrs older than the true ages.

Similarly, the average δ^13^C values of PhytOC in AD 2011 rice straw and in AD 2012 rice straw combusted at temperatures below 1100°C are −33.66‰ and −32.67‰, respectively ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). In contrast, when combusted at temperatures over 1400°C, the δ^13^C values were 1.17‰ and 2.53‰ heavier, respectively, than those of PhytOC combusted at the lower temperature.

Background check
----------------

We also performed one ^14^C determination on a phytolith assemblage isolated from L~1-3~ loess to evaluate the background value for this extraction procedure. The OSL age of L~1-3~ loess is approximately 71 ka BP, which is beyond the limit of the radiocarbon dating method[@b36]. The *F~m~* value of phytoliths from L~1-3~ loess is 0.0051±0.0001, corresponding to 42,380±180 yr BP, which is statistically indistinguishable from the background of our AMS line background, which is equivalent to 42,750±190 yr BP.

Discussion
==========

If phytoliths are to become a new alternative candidate for ^14^C dating for establishing a reliable age control for archaeological sites, the ^14^C content in PhytOC must be in equilibrium with the ^14^C content in the atmosphere when the organism dies. However, in this study, the most striking feature is that the ^14^C contents in all 16 aliquots of phytoliths are lower than that in the atmosphere. These phytoliths were isolated from modern crops using a reliable, published protocol with only slight modifications. PhytOC accounted for 0.06--0.10% and 0.07% of the dry weight of rice and millet phytoliths, respectively ([Supplementary Table S1](#s1){ref-type="supplementary-material"}), which is at least 20 times lower than the range of 14--34 mg g^−1^ for rice and 25.1 mg g^−1^ for millet[@b18][@b19]. These results indicate that the protocols used to extract phytoliths in this study are very harsh and can effectively eliminate possible sources of contamination during processing. We require 1200--2200 mg of phytoliths to produce graphite samples with \~0.8 mg of carbon for AMS ^14^C analysis. The precision and reproducibility of our experimental procedure, better than 0.3% for modern samples, could be evaluated by the mean *F~m~* value of the standard material oxalic acid II during AMS ^14^C analysis. The background test of the phytolith extraction from L~1-3~ loess indicates that the protocols in our lab minimise the possibility of introducing contaminant carbon, specifically modern carbon, to the phytolith sample during extraction, graphitisation, and measurement. Moreover, the 6 ^14^C overestimated ages (by hundreds of years) of phytolith samples with different weights from each rice crop are consistent when the samples are combusted at temperatures below 1100°C. The average δ^13^C values of PhytOC also implies that a new carbonaceous compound with a heavier carbon isotope is liberated from phytoliths when combusted at temperatures greater than 1400°C. Regardless, the change in the isotopic composition of PhytOC in rice straw cannot explain the systematic age offset. Therefore, this ^14^C depletion in the phytoliths most likely originates from the temperature interval at which the sample itself was combusted. A similar trend has been described in other studies that used the same laboratory protocols[@b27]. In addition, this problem is not unique to our laboratory protocols because the AMS ^14^C dates of phytoliths isolated from mature and recently senesced bamboo leaves using another separation method (microwave digestion) were inexplicably 3.5 ka and 1.9 ka too high, respectively[@b28]. These results clearly show a consistent shift in the ^14^C levels when comparing phytoliths to modern plants regardless of their locations, species, and extraction methods. As mentioned above, for fossil phytoliths, most ^14^C ages were inconsistent with expected or independent chronologies[@b8][@b20][@b23][@b24][@b37]. This problem could reveal that, even though the ^14^C of the plant is in equilibrium with the atmosphere, the ^14^C content of PhytOC is not.

Phytoliths can be changed by heating. Dry ashing has been widely used to recover phytoliths from plants since the beginning of phytolith analysis[@b38]. This method involves the incineration of plant tissue in muffled furnaces at temperatures of at least 500°C. This technique has been suggested to cause shrinkage, warping and changes to the refractive index of phytoliths[@b39][@b40]. For rice crop phytoliths, it has been found that the original physical characteristics are significantly altered when the extraction temperature exceeds 900°C[@b41]. Previous studies indicated that the relationship between the ^14^C age and combustion temperature can be used to quantify the relative contributions of different pools of organic carbon[@b29][@b30][@b31]. For phytoliths in AD 2012 rice straw, the *F~m~* of PhytOC was depleted by approximately 4% when the sample was combusted below 1100°C and was even more depleted (to approximately 12%) when combusted over 1400°C. We observe a similar trend between the combustion temperature and *F~m~* depletion of PhytOC in AD 2011 rice straw, suggesting that a mechanism may govern the ^14^C variation with temperature. Our results indicate multiple carbon species, each of which may potentially have a unique ^14^C concentration in phytoliths. One possible explanation is that there are two components of organic matter in phytoliths. The low-temperature pool (combusted below 900°C) is associated with relatively labile carbon, whereas the high pool (combusted above 900°C) is commonly associated with recalcitrant carbon.

We still have an incomplete understanding of PhytOC in phytoliths[@b25][@b42][@b43][@b44][@b45]. An early hypothesis suggested that recalcitrant PhytOC (biasing the ^14^C results towards age overestimates) could be brought from the soil to the plant by root uptake[@b27], but this hypothesis is still under debate[@b28][@b46]. We entertain another hypothesis to explain the discrepancies in the ^14^C contents of our measured samples: two possible pools of ^14^C exist in the phytoliths, each of which is attributed to a different type of phytolith development. Phytoliths are biogenetic opals that form in the cell walls, cell lumina and intercellular spaces of plants[@b14][@b47][@b48]. If biosilicification primarily occurs in the cell walls, hollow forms of phytoliths are formed and often contain cellular organelles such as mitochondria and plastids[@b25][@b49]. However, if biosilicification occurs in cell lumina or between cells, solid forms of phytoliths develop and contain mostly lipids and nucleic acids[@b25][@b49]. For sugar cane, the amount of PhytOC retained within hollow rather than solid phytoliths has been estimated to be 10.12% and 0.15%, respectively[@b50]. These results suggest that, on average, the PhytOC from hollow phytolith cavities is 50 times more abundant than the PhytOC from solid phytoliths. Similar trends have also been observed in sorghum[@b50]. We also observe that organic materials are liberated from phytoliths in two distinct stages. For example, for rice straw from AD 2011, the carbon yield rate was 0.07%, and the *F~m~* value was 0.9363±0.0038 when combusted below 1100°C ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). When combusted above 1400°C, although the carbon yield rates did not change, the *F~m~* value was 0.8724 ± 0.0046. This *F~m~* value, attributed to the recalcitrant fraction of PhytOC, increased the apparent age of phytoliths even though the amount of recalcitrant carbon is minor compared to the total amount of carbon in the samples. The ratio of carbon released below 1100°C to that released above 1100°C during combustion can be estimated using a simple, two end-member mixing model. If one end-member is the ^14^C released below 1100°C (*F~m~* = 0.9363 ± 0.0038 for rice straw from AD 2011), then the other end-member is the ^14^C released above 1100°C (*F~m~* = 0, dead carbon, no ^14^C); we calculate the ratio as 13. Similarly, for AD 2012 rice straw, we calculate the ratio as 12. Therefore, it is possible that the low-temperature carbon pool originates from hollow phytoliths formed in porous cell walls during photosynthesis. This carbon pool is more readily available for oxidation and lost from phytoliths at lower temperatures. Conversely, the high-temperature carbon pool may represent solid phytoliths formed in cell lumina. Further investigation of the mechanisms responsible for ^14^C differentiation in the two fractions of PhytOC is necessary.

Therefore, we are working toward a new protocol that can successfully remove the recalcitrant carbon from phytoliths such that we can establish a reliable ^14^C dating method for phytoliths. Among the many potential uses, a new protocol will allow us to better constrain the timing and origins of agriculture in East Asia.

Methods
=======

Materials
---------

Phytoliths were extracted from modern plants: two rice (*Oryza sativa*) stems (with leaves) and one millet (*Panicum miliaceum*). The dried rice straws were harvested from the Hubei province near the Yangtze River (115° E, 30° N) in two successive years: AD 2011 and AD 2012. The millet was obtained from the Nihewan basin (114° E, 40° N) in northwest Beijing in AD 2012. A fossil loess sample was collected from the Weinan section on the southeastern Chinese Loess Plateau and was dated by optically stimulated luminescence (OSL) to ca. 71 ka BP[@b36].

Phytoliths isolated from modern crops and loess
-----------------------------------------------

Phytoliths were extracted from modern plants using a protocol involving both a sink-float specific gravity and a wet-digestion method detailed below (modified from a recently published protocol[@b32]). Approximately 700 g of each dried crop was used to obtain contemporary phytoliths. The rice straw samples were initially cut into cm-sized pieces and immersed in a distilled H~2~O ultrasonic bath to remove any matter adhering to their surfaces. The sample was then immersed in 1 N hydrochloric acid (HCl) for 4 h to eliminate carbonate material and stirred every half hour. The samples were washed three times in distilled H~2~O after the acid was decanted. The treated samples were dried in an oven at 70°C for three days. A 650 g aliquot of treated dry rice straw was weighed into a 4000 ml beaker and digested with \~5 ml of concentrated H~2~SO~4~ per gram of dry plant material under a fume hood. The digestion lasted for 2 h at 70°C, and the sample then sat unheated overnight. The following day, the hot plate was reheated to 70°C, and hydrogen peroxide (H~2~O~2~, 30%) was gradually added to destroy organic material until the liquid was clear and colourless. The supernatant liquid was poured off, and then the remains were rinsed 3 times with distilled water. The remaining solid material was then transferred into 100 ml beakers and dried at 70°C. After drying, we floated phytoliths using a heavy liquid (KI + HI + Zn) with a specific gravity (sp. gr.) of 2.3[@b51]. The phytoliths were concentrated by centrifuging at 3000 rpm for 30 min. A few tiny dark minerals remained on the bottom of the cup after centrifugation. The liquid was then diluted with distilled water to a sp. gr. of 1.5. The supernatant liquid (with minimal organic matter) was poured off. This process was repeated three times. The recovered phytoliths were dried and retained.

After the phytoliths were recovered, they were washed and reheated at 70°C for 2 h in concentrated HNO~3~ and NaClO~2~ to ensure that any organic material clinging to the outer surfaces was removed. The sample sat unheated overnight, and the liquid was decanted. This step was repeated 4 times to maximise the oxidation of organic matter. The phytoliths were rinsed 3 times with distilled water and dried. Subsequently, they were immersed in a 0.001 M NaOH solution and heated at 70°C for 15 min to remove any alkali-soluble forms of organic matter. Afterward, the isolated phytoliths were washed again with concentrated HNO~3~ and rinsed 3 times with distilled water. Finally, phytolith concentrates were dried at 70°C, weighed and observed with an optical microscope.

The background extraction method for phytoliths in loess is similar to the aforementioned method for modern plants. Sand grains larger than phytoliths were first removed by wet-sieving through an 80-mesh screen and then added to 1 N HCl to eliminate carbonates. Subsequently, two 50-litre settling containers were used to separate the clays and organic colloids. The sedimentation-decanting procedure was repeated several times until the water was clear. The sample then was dried at 70°C. The subsequent steps were the same as for the modern plants, but the extraction is usually repeated twice to increase phytolith recovery.

Cellulose extracted from modern crops
-------------------------------------

The radiocarbon content of cellulose separated from modern crops was used to represent the atmospheric ^14^CO~2~ concentration. The crops were treated with sodium hydroxide at 70°C overnight. The alkali solution was refreshed until it remained clear, indicating that all soluble carbon had been removed. To yield alpha-cellulose, the sample was placed in a beaker and bleached with hot NaClO~2~/HCl. This solution was heated to 70°C. This bleaching procedure was repeated every 2 to 3 h until the sample appeared white. If the sample was not yet white, the bleaching procedure was repeated. After the straw had been satisfactorily bleached, it was rinsed with distilled water repeatedly and then dried in an oven at 70°C.

Measurements
------------

Before isotope analyses, the phytolith morphologies were observed via SEM (a JSM-5800 equipped with an EDS system at the Beijing University of Aeronautics and Astronautics).

Approximately 1200 to 2200 mg of phytolith samples was transferred into clean 9-mm quartz tubes and combusted in a muffled furnace at 160°C overnight to release the carbon absorbed at the surface of phytoliths[@b26]. After the quartz tubes were cool, a measured amount of CuO powder and silver wire were added to the quartz tubes, and then they were connected to a graphite line and flame-sealed. PhytOC was combusted at temperature intervals ranging from 600°C to 1100°C to release CO~2~. Beyond 1000°C, the phytolith sample was placed in a 6-mm quartz tube and then enveloped in a 9-mm tube to avoid the rupture of the quartz tube during combustion. The CO~2~ was purified, and the volume of CO~2~ was measured. CO~2~ was then split, and a small portion of the sample was used to make a δ^13^C at the State Key Laboratory of Loess and Quaternary Geology, CAS, with a conventional isotope ratio mass spectrometer (except for cases in which an insufficient amount of CO~2~ was produced). Isotopic ratios in samples are expressed as per mil deviation relative to a VPDB standard with precision better than 0.2‰[@b52]. The remaining CO~2~ was converted into graphite over iron at 550°C in the presence of H~2~[@b53]. AMS ^14^C dates were measured at PKU in a 0.5 MV AMS and reported in *F~m~* values. The ^14^C errors of each date include statistical uncertainties based on ^14^C counts, standard and ^14^C background targets, and machine random error[@b54]. The AMS ^14^C dates are listed in [Supplementary Table S1](#s1){ref-type="supplementary-material"}.

A series of standards run at the same time as the samples yielded the following values in agreement with the consensus values. The *F~m~* values of 6 targets from the first wheel were 1.3406 ± 0.0042, 1.3357 ± 0.0024, 1.3342 ± 0.0028, 1.3448 ± 0.0044, 1.3447 ± 0.0032, and 1.3442 ± 0.0029, with a weighted average *F~m~* of 1.3401 ± 0.0007. In addition, the *F~m~* values of 6 targets from the second wheel were 1.3427 ± 0.0022, 1.3388 ± 0.0021, 1.3406 ± 0.0021, 1.3439 ± 0.0028, 1.3424 ± 0.0023, and 1.3356 ± 0.0022, and the weighted mean *F~m~* can also be estimated to 1.3404 ± 0.0006. These results agree well with the consensus value of 1.3407 and demonstrate that the precision and reproducibility of our system are better than 0.3% for modern samples.
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